Using the 1kb 3' terminal DNA fragment of the mouse methyltransferase cDNA as a probe and low stringent hybridisation conditions, a new potential methyltransferase (MTase) gene family was Isolated from an Arabidopsis thaliana genomic DNA library. One clone (MTase-11), which gave the strongest signal at the Northern blot, was entirely sequenced (11483 bp) and further characterised. Under consideration of the likely open reading frames and our preliminary cDNA experiments we propose that the clone 11 gene encodes for an ~ 90 kD protein. As deduced form the DNA sequence this protein contains all conserved sequence motifs specific for the 5m cytoslne MTases. MTase-11 gene expression was demonstrable in callus and during germination but not in one month old plants or in leaves.
INTRODUCTION
Cytosine methylation (5mC) is a common DNA modification event in prokaryotic and eukaryotic cells (I). In bacteria, methylation is part of a defence system, permitting selective degradation of invading non-methylated DNA molecules by restriction enzymes (2) . Methylation is also involved in DNA replication and in DNA repair (3) (4) (5) . In eukaryotic cells, the change in the DNA methylation pattern is a cis-acting element that mainly modulates gene expression during cell differentiation and in somatic cells (1, (6) (7) (8) . Mammalian and plant cells exhibit a tissue-specific methylation pattern which is also maintained for many generations in the tissue culture cell lines (9) (10) (11) (12) . In mammalians, the organ-specific DNA methylation profile is established during embryogenesis. The degree of methylation is higher in the sperm DNA than in oocytes; it declines significantly and non randomly after fertilisation and increases again during gastrulation (13) (14) (15) (16) .
Establishment of the tissue-specific methylation pattern requires at least two distinct methyltransferase (MTase) activities, the de novo and the maintenance methylation activity. So far it is not certain which criteria and which signals determine de novo versus maintenance methylation. The current hypothesis is that in mammalian cells only one enzyme is responsible for both functions (17) . Both activities are essential since undermethylation of the DNA during embryo genesis results in embryonic loss at midgestation (18) and inadequate maintenance methylation of the DNA in somatic cells may lead to diseases such as cancer formation (19) . Mammalian cytosine-5 methyltransferase genes were isolated from mouse and human cDNA libraries (20) (21) (22) . Both genes encode for = 160 kD proteins having a 70% identity at the amino acid level. In vitro experiments have revealed that the intact mouse enzyme mainly methylates the second strand of hemimethylated DNA (maintenance methylation) but inefficiently methylates unmethylated DNA molecules (23) . However the enzyme gained de novo methylation activity after proteolytic cleavage (24) . Both the de novo and the maintenance methylation activities were attributed to the C-terminal domain of enzyme (= 500 aa). This part of the enzyme also contains the conserved amino acid motifs characteristic for all bacterial and eukaryotic 5mC MTases (24, 25) . The MTases purified from wheat and rice are 50-60 kD proteins and the pea enzyme has a molecular weight of about = 160 kD (26) (27) (28) . The dominant in vitro activity of these enzymes is the maintenance methylation activity. The only plant MTase gene characterised so far was reconstructed from an Arabidopsis cDNA library and encodes for an ~ 160 kD protein (29 
MATERIALS AND METHODS

Preparation of a genomic library from Arabidopsis thaliana
To establish a genomic library, nuclear DNA was isolated as described elsewhere (30) . In short, about 800 plants (4-6 weeks old) were rinsed with ice-cold ether (150 ml) and with extraction buffer (10 mM Tris-HCl pH 7.6, 1.14 M sucrose, 5 mM MgCl 2 , 5 mM mercaptoethanol). The tissue was homogenised and the cells were collected by centrifugation (30 min, 2500 rpm, Sorvall GSA). For lysis cells were incubated in extraction buffer supplemented with Triton X-100 (1% final concentration) for 5 min on ice. After centrifugation nuclei were washed two times with extraction buffer, resuspended in 1 -2 ml extraction buffer and the same volume of lysis buffer was added (100 mM EDTA, 2% SDS, 200 mM NaCl, 40 mM Tris-HCl pH 8.0, 50 /tg//tl proteinase K). The mixture was incubated for 1 hour at 37°C. Several phenol/chloroforrn/isoamylalcohol extractions followed and finally the DNA was precipitated by adding 2 volumes of ethanol and 1/10 volume of 1 M NaCl. To obtain the genomic library, the Arabidopsis DNA was partially cleaved with Mbol endonuclease to generate DNA fragments of about 9-15 kD and cloned using the lambda phage EMBL 3 (following protocols of the EMBL 3 cloning kit and Gigapack plus II packaging extract from Stratagene) as vector. For characterisation replicas were prepared and the phages on the filters (Schleicher and Schiill) were lysed (0.1 M NaOH, 1.5 M NaCl), washed (0.2 M Tris-HCl, pH 7.4, 2 xSSC) and the DNA was fixed on the filter under vacuum at 80°C for 2 hr. The filters were hybridised for 16-24 hr at 55°C-60°C with the 32 P-labelled 1 kb EcoRI mouse MTase cDNA fragment in hybridisation buffer (5xDenhard, 5xSSPE, 0.5% SDS, 100/ig/ml sonicated hering sperm DNA) and then washed several times with hybridization buffer at the same temperature. For Southern blot analysis (31), the Arabidopsis DNA was cleaved with different restriction enzymes as indicated in the legends of the figures.
RNA isolation and PCR analysis RNA was isolated as described elsewhere (32) . In short, tissues were frozen in liquid nitrogen and homogenised to a fine powder, 2 vol. of guanidine buffer (8 M guanidine-hydrochloride, 20 mM 4-morpholineethansulfonic acid pH 7.0, 20 mM EDTA, 50 mM mercaptoethanol) were added and incubated for 30 min at 0°C. After centrifugation for 10 min at 4°C and 10,000 rpm (Servall centrifuge), the supernatant was treated with phenol/chloroform/isoamylalcohol. Subsequently the RNA containing supernatant was mixed with 0.7 vol of ethanol and 0.2 vol of 1 M acetic acid for precipitating the RNA. To remove contaminating polysaccharides the pellet was further washed twice with sterile 3 M sodium acetate pH 5.2 at room temperature. The RNA remains as pellet after centrifugation at 10000 rpm for 10 min. The salt was removed by a final wash with 70% ethanol and the RNA pellet was subsequently dissolved in sterile water. RNA was analysed by agarose gel electrophoresis after denaturation with formaldehyde. The poly A RNA was selected by oligo dT-chromatochraphy (Pharmacia). The transfer of the RNA to nitrocellulose and the hybridisation to 32 P -labelled DNA was performed as described (33) . The primers used in the PCR reaction were: PI: 5' ACCAAGGAAATGCCAAGGGA 3' and P2: 5' ACATTTCGCCACTGTACCTG 3'. The primer P2 was also used in the reverse transcriptase reaction. (MMLV reverse transcriptase, Gibco-BRL). The PCR amplification was performed at standard conditions (33) .
DNA sequencing. Clone 11 DNA was first mapped extensively with restriction endonucleases and the restriction fragments were subcloned into the vectors pBlueScript II either SK + or SKf rom Sratagene. Dye primers and dye terminators (Taq-21 M-13 dye primer Sequencing Kit and Taq Terminator Cycle Sequencing Kit from Applied Biosystems) were used to label 0.5-1 /*g of double stranded DNA for sequencing analysis in the Applied Biosystems Model 373 A.
RESULTS AND DISCUSSION
To obtain a genomic library, cellular DNA was isolated from entire plants as described in Material and Methods and partially digested by Mbol endonuclease treatment. The DNA fragments (9-15 kb) were inserted into the Mbol site of a lambda cloning vector (EMBL 3, Stratagene) and propagated in E.coli. To identify potential MTase gene(s), the DNA library (3,4x10* pfu/ml) was screened with the lkb EcoRI DNA fragment of the 3' part of the murine MTase cDNA ( the cDNA was kindly provided by T.Bestor). This DNA fragment was chosen because it encodes for the conserved amino acid motifs specific for all 5mC methyltransferases (20, 25) . In this way we identified four independent clones (clone 6,8,9,11) which at low but not at high stringent conditions hybridised with the 1 kb murine MTase cDNA fragment. All 4 clones contained an 11 -15 kb Arabidopsis DNA insert. For further characterisation the Arabidopsis DNA inserts were isolated and cleaved with different restriction endonucleases (Bgin, BamHI, EcoRI, Hindi!). After separation by agarose gel electrophoresis, DNA fragments were transferred to nylon filters and the Southern blots were hybridised with the lkb MTase cDNA fragment. Fig. 1 shows a schematic representation of the restriction map; the shadowed boxes outline the DNA fragments that hybridised with the mouse cDNA. The results summarised in Fig. 1 indicate that these four clones represent four different genes, since the DNA fragment pattern and the hybridisation pattern were different for each clone. To demonstrate further that the four clones represent four different genes, cellular DNA was extracted from Arabidopsis nuclei, cleaved with the same restriction enzymes as above (Bgll, Hindin , BamHI EcoRI) and subjected to Southern blot analysis. The same blot was hybridised five times: each time one of the 32 P labelled clones 6, 8,9, 11 or the mouse MTase cDNA was used as a probe to specify the DNA fragment pattern of the individual MTase genes. As shown in Fig.2 a specific hybridisation pattern was obtained for each of the 4 clones. This clearly demonstrates that the four clones represent four independent genes. Furthermore, the hybridisation pattern obtained with the mouse cDNA as a probe was again different. Since the recently described Arabidopsis MTase cDNA (cDNA/Ara) has a high homology with the mouse MTase, this DNA fragment pattern should represent the cDNA/Ara gene.
To test whether the clone 6,8, 9 and 11 genes are also transcribed in vivo, mRNA was isolated from Arabidopsis callus and 4 identical Northern blots were prepared. Each blot was hybridised with one of the 32 P-labelled clone 6,8,9,11 DNAs. Only one single RNA band of about 2.2-2.4 kb was detectable (Fig. 3) . The strongest signal was obtained with the clone 11 DNA, the clone 6 signal was weaker and the clone 8 signal was faint. No specific transcript was detectable when the Northern blot was hybridised with the clone 9 DNA (data not shown).
Primary structure of the clone 11 gene (MTase-11)
To determine the sequence of the MTase-11 gene, the 15 kb clone 11 DNA insert was subcloned and the sequence between the Sal I site at the 5' region and the EcoRI site at the 3' portion was determined (11883 bp). Figure 4 shows a preliminary physical map of the clone 11 MTase gene. Under consideration of the likely open reading frames (ORF) the MTase-11 gene should have 11 exons. All MTase-11 splice junctions have the GpT/ApG consensus sequences and the putative branch points typical for plant introns (34) . To confirm the basic structure shown in Figure  4 , Northern blots were hybridised with selected clone 11 DNA fragments (data not shown). Our preliminary cDNA experiments are also in accordance with the model shown in Figure 4 (data not shown), but minor alterations in the intron/exon pattern can not be yet excluded.
Translation initiation of many plant mRNA molecules follows the first AUG role (35) and in Arabidopsis the initiation codon is frequently surrounded by the consensus sequence TCAATGGCC (on the plus strand of DNA). This sequence was found in the MTase-11 DNA and the A of the ATG sequence was designated as nucleotide number one. The assumption that this ATG is used as initiation codon was further supported by Northern blot analysis. Using different MTase-11 DNA fragments as a probe for hybridisation we observed that DNA fragments upstream from the nucleotide -21 did not hybridise with the 2.2-2.4 kb mRNA while downstream fragments gave a strong signal in the Northern blot (data not shown). The TATA box (TATATAA) is at position -138. A potential poly-A signal (AATAAA) is at nucleotide 8632 which is followed by a second AATAAA sequence at position 8693.
We also subcloned the clone 6 DNA and sequenced about 4000 bp of the clone 6 gene so far. These experiments clearly support the assumption that the clone 6 and the clone 11 DNA (Fig. 1 ) encode for two distinct proteins (data not shown).
What is the evidence that the clone-11 gene encodes for a 5mC-MTase?
Considering the DNA sequence (proposed exons), the mRNA size (Fig.3) conserved motifs ( I, U, IV, VII, VHI, DC, X) also have been found in the mammalian enzymes (25) . As deduced from the DNA sequence the amino acid sequence for the MTase-11
2,2 kb Figure 3 . Northern bloc analysis. Total RNA was isolated and mRNA was selected by oligo dT chromatography. The RNA was extracted: (1) From calli; (2) five days, (3) 10 days (4) 20 days after germination. The mRNA (5/jg/lane) was subjected to agarose gel electrophoresis and the blot was hybridised with the 32 Plabelled clone 11 DNA. Similar results were obtained after hybridisation with the clone 6 DNA (data not shown).
contains the 10 consensus motifs in the typical order (Fig. 4) . The function of two motifs is known. All MTases use the Sadenosyl methionine (SAM) as the CH 3 donator and the motif-I has been identified as the SAM-binding domain. As sown in Figure 5 , this motif contains a highly conserved FSGCGG hexamer sequence. The amino acid at the C-terminal part of this motif is always G and the TL-doublet at the N-terminal part is typical for eukaryotic MTases. In the case of the MTase-11 gene, the motif-1 is located within the exon number one (Fig. 4) . The homology between mouse and MTase-11 motif-I is about 58%.
The motif IV (Fig. 6) is part of the catalytic domain and its central PC...S sequence is essential for the catalytic activity of all analysed 5mC MTases (25) . This motif is located at exon IV of the MTase-11 gene (Fig.4) . The function of the other motifs is still speculative.
The overall homology between the clone 11 MTase and the recently described cDNA/Ara gene is low (29) . Furthermore the large N-terminal domain typical of the eukaryotic MTases is not present in the Arabidopsis MTase-11 gene. In the case of the mouse enzyme the N-terminal part (~ 1000 aa) represents the regulatory unit of the MTase that prevents de novo methylation and increases the binding affinity of the enzyme to replicative DNA molecules (24) . These features of the mouse MTase support the hypothesis that the intact enzyme is mainly a maintenance methylase. In this model hemimethylated DNA molecules, generated by semi conservative-replication serve as template for the enzyme to ensure the stability of the tissue specific methylation pattern. The cDNA/Ara clone (29) encodes for a MTase which Figure 4 . The PCR product obtained was 524 bp long as expected from the distance between of the two primers at the template DNA. Furthermore DNA sequencing experiments revealed that the sequence of the 524 bp PCR product was absolutely identical with the sequence predicted from our MTase-11 sequencing data.
CONCLUSION
In this investigation we isolated a new potential MTase gene family (four different genes) from a genomic library and determined the entire sequence of the MTase-11 gene. As deduced from the DNA sequence the predicted protein contains all consensus motifs specific for bacterial and eukaryotic 5mC MTases, including the SAM binding site and the catalytic domain. We therefore have every reasons to assume that the MTase-11 gene encodes for a methyltransferase and that the enzyme methylates DNA. However the MTase-II resembles more a bacterial rather than an eukaryotic enzyme, it lacks the large regulatory N-domain and shares little homology with mammalian and the cDNA/Ara enzymes (20, 21, 29 There is increasing evidence that the DNA methylation status is also crucial for chloroplast gene expression (36) . A definitive identification of the biological function of the MTase-11 requires the enzyme isolation and determination of its enzymatic activity.
